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Chapter 1 Introduction 
The cold spray technology, which is based on the impact and deposition of numerous fine solid particles accelerated by a supersonic 
gas flow, is categorized as a thermal spray technique. However, the cold spray process is performed below a melting point of the 
particle material and is therefore, advantageous compared to conventional thermal spray techniques. For example, dense and thick 
metallic coatings can be obtained via the cold spray, without undesirable heat effects such as a high temperature oxidation and phase 
transformations, etc. The cold spray process is expected not only to replace conventional thermal spray technologies, as the preferred 
method for surface modification of structural components, but also to replace conventional welding technologies, as the preferred 
method for repairing structural components. 
The deposition efficiency of a cold sprayed metallic coating is significantly influenced by the spray conditions and the materials. In 
fact, below a specific velocity, the so-called critical velocity, particles cannot be deposited on a substrate. The critical velocity varies 
with the types of particle and substrate materials, particle size, particle shape, particle and substrate temperatures, surface conditions of 
particle and substrate and so on. In addition, cold sprayed metallic coatings, in particular, sprayed with nitrogen (N2) gas, have, in 
general, lower tensile strengths and lower ductility than the bulk materials. These lower coating properties are mainly attributed to the 
low particle/particle interfacial cohesion strength and the low particle/substrate interfacial adhesion strength. The use of helium (He) 
gas as a working gas is effective in improving the low cohesion and the low adhesion strengths directly associated with the coating 
properties of cold sprayed metallic coatings. However, the cost of He gas is much higher than the other gas such as N2 or air. Therefore, 
achievement of high quality metallic coatings sprayed with low cost gas is currently attracting attention from various industries and 
many researchers.  
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In order to drastically improve the particle/particle cohesion strength and the particle/substrate adhesion strength even by using low 
cost gas, this research work, at first, focused on the identification of the factors governing the critical velocity which was expected to 
lead to the guideline for the improvement of the cohesion strength and the adhesion strength. Based on the obtained guidelines, a new 
post-heat-treatment method for the improvement of the cohesion and adhesion strengths was suggested. 
 
Chapter 2 Development of Single Particle Impact Testing System 
It is, however, difficult to experimentally identify the dominant factors on the critical velocity in an actual cold spray process due to 
the impacts of numerous small particles having various sizes, shapes, surface conditions, and velocities. In order to experimentally 
identify the dominant factors, a single particle impact testing system (SPITS), which is a modified single-stage light-gas gun, was 
developed. The schematic illustration of the SPITS is shown in Fig. 1 (a). A spherical particle having a diameter of 1 mm can be 
impacted onto a substrate at a velocity accurately measured using two lasers in the SPITS. An original particle holder and an original 
launch system with a solenoid valve were designed to improve a maximum particle velocity and to achieve a short experimental time 
and a small gas consumption. In addition, an original stopper system of particle holder was also designed to smoothly separate a 
particle from the original particle holder. Finally, the maximum particle velocity of approximately 700 m/s and the continuous velocity 
range could be achieved. Furthermore, the various metallic particle materials could be deposited on the various metallic substrate 
materials under well-defined conditions, as shown in Fig. 1 (b). 
 
  
Fig. 1 (a) Schematic illustration of the single particle impact testing system (SPITS) and (b) SEM image of an Al particle deposited on 
a Cu substrate at 301 m/s. 
 
Chapter 3 Evaluation of Deposition Behaviors of Pure Al and Cu Particles via SPITS 
Chapter 3 focused on deposition behaviors of pure aluminum (Al) and pure copper (Cu) particles which can be easily deposited on 
various substrate materials in actual cold spray process. In order to find out the critical velocities of pure Al and Cu particles having a 
diameter of 1 mm impacting Al, Cu, nickel (Ni), low carbon steel (S15C), and titanium (Ti) substrates via the SPITS, the deposition 
behaviors at various particle velocities were investigated in detail. A lot of impact tests revealed the strong dependences of the 
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deposition behaviors and the critical velocities of the Al and Cu particles on these substrate materials. The dependence of the 
deposition behavior of the Al particle on each substrate material and the particle velocity is shown in Fig. 2. The critical velocities of 
the Al particles impacting the aforementioned five substrates were evaluated to be 353 m/s, 301 m/s, 296 m/s, 432 m/s, and 500 m/s in 
this order. On the other hand, the critical velocities of the Cu particles impacting the aforementioned substrates were also evaluated to 
be 559 m/s, 216 m/s, 260 m/s, 282 m/s, and 294 m/s in this order. 
In addition, microstructures of the deposited particles were characterized by cross-sectional scanning electron microscope (SEM) 
observations. The adhesion areas were hardly formed at the particle/substrate interfaces by the near critical velocity impacts. 
Furthermore, the perfect adhesions were not achieved even at the sufficiently high particle velocities. These observations indicated that 
these imperfect adhesions are one of causes low particle/particle cohesion strength and low particle/substrate adhesion strength in cold 
sprayed metallic coatings. 
 
 
Fig. 2 Dependence of the deposition behavior of the Al particle on each substrate material and the particle velocity. 
 
Chapter 4 Identification of Dominant Factors on Pure Al and Cu Particle Depositions via SPITS 
In Chapter 4, in order to identify the most dominant factor on the particle deposition, i.e. the critical velocity, contributions of the 
following four factors, bonding energy (interfacial strength), rebound energy (rebound velocity), plastic deformation amounts 
experienced by particle and substrate, and removability of the natural oxide films on the particle and the substrate, to the critical 
velocities of both Al and Cu particles were investigated in detail. The results revealed that the most dominant factor is the removability 
of the natural oxide film. The high removability of the natural oxide films on the Ni and the Cu substrates contributed to the low 
critical velocities of the Al and the Cu particles impacting these substrates. The high critical velocities of the Al and the Cu particles 
impacting the S15C and the Ti substrates were attributed to the relatively low removability of the natural oxide films on these 
substrates. In the case of the Al particle impacting the Al substrate, moderate plastic deformation experienced by the particle and the 
substrate contributed to the low critical velocity regardless of the low removability of the natural oxide films. The exceedingly high 
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critical velocity of Cu particle impacting the Al substrate was attributed to the low removability of the oxide film, the high rebound 
velocity, and the insignificant plastic deformation of particle. The deposition behaviors of actual cold sprayed particles are expected to 
depend more strongly on the removability of the oxide film on the particles and substrates because of the size effect. 
According to the results obtained in Chapters 3 and 4, following two guidelines for improvement of the cohesion and adhesion 
strengths in cold sprayed metallic coatings were given. 
 Reduction of non-adhesion area at particle/particle and particle/substrate interfaces 
 Removal or reduction of oxide films on surfaces of particles and a substrate 
 
Chapter 5 Effectiveness of Post-Heat-Treatment via Pulsed Direct Electric Current for Cold Sprayed Cu Coating 
 Annealing heat-treatment (AHT) is well-known as an effective post-treatment for improvements of cohesion and adhesion strengths 
in cold sprayed metallic coatings. The AHT is, however, difficult to improve the coating properties up to that of the bulk material. 
According to the obtained guidelines, in Chapter 5, a pulsed direct electric current heat-treatment (PDH) was suggested as a new 
post-heat-treatment for cold sprayed metallic coatings. The large pulsed direct electric current was expected to effectively improve the 
particle/particle and particle/substrate interfacial bonds and the strengths. The comparison of the microstructures and the mechanical 
properties of cold sprayed Cu coatings treated by the PDH and the AHT revealed the PDH can more effectively enhance the 
particle/particle cohesion strength than the AHT. The PDH will become an effective post-heat-treatment for improvement of 
mechanical property of cold sprayed metallic coatings. 
 
Chapter 6 Conclusions 
Chapter 6 presented the general conclusions obtained in this research work. In order to identify the factors governing the critical 
velocity of cold sprayed metallic particles, the mechanistic analysis was carried out using a new developed single particle impact 
testing system. The mechanistic analysis revealed that the most dominant factor on the critical velocities of pure Al and pure Cu 
particles having a diameter of 1 mm impacting five types of metallic material substrates was the removability of the natural oxide 
films on the particles and the substrates. These obtained results gave us the two guidelines for improvements of cohesion strength 
between particles and adhesion strength between particles and a substrate, which are directly associated with cold sprayed metallic 
coating properties. According to the guidelines, a new post-heat-treatment based on pulsed direct electric current was suggested. 
The results of this research work will contribute to the commercial viability of cold sprayed metallic coatings as the preferred 
repairing technology in various industrial fields and to the more advancement of surface modification technology. 
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